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S treptococcus thermophilus is of major economical value due to its extensive use for the production of yogurt and hard cooked cheese by the dairy industry (3, 21) . Recently, S. thermophilus was shown to be able to develop natural competence for transformation, a transitory physiological state enabling the capture and stable integration of naked DNA in the chromosome of this species (2, 14, 15, 18) .
It is well established that natural competence regulation usually involves a set of regulators, which together form a cascade from the early stage to the late stage of competence development (8, 20) . For S. thermophilus, competence was shown to be naturally induced when S. thermophilus cells were grown in a chemically defined medium. This induction results in the transitory expression of the comX gene, coding for the master regulator of late competence (com) genes, which are necessary for DNA uptake, protection, and chromosomal integration (14, 18) . ComX is an alternative sigma factor ( X ) that binds to the RNA polymerase in order to transcribe specifically the late com genes by recognizing a small sequence (Com box) in their upstream regions (31, 33, 46) . Recently, we have shown that the activation of comX expression in S. thermophilus relies on a novel quorum-sensing system, named ComRS (14) . The proposed activation model starts with the intracellular production of a precursor peptide (pre-ComS), which is then secreted and matured (ComS*) (14, 34) . When its concentration in the extracellular medium increases and reaches a threshold, ComS* binds to the oligopeptide-binding protein AmiA3 and is internalized by the multicomponent oligopeptide transporter AmiCDEF. Inside the cell, ComS* activates the transcriptional regulator ComR. The ComRS complex in turn activates comX and comS transcription, resulting in an autoamplification loop (14) . Homologs of the ComRS system were also found in all sequenced genomes of streptococci belonging to the mutans, pyogenic, and bovis groups (34) . Furthermore, this system was shown to be functional in Streptococcus mutans as the most proximal regulatory system for comX activation and competence development (34) .
Besides the transcriptional control of comX, the ComX protein was shown to be the target of posttranslational control in streptococci. In Streptococcus pneumoniae, the amount of ComX is positively regulated by ComW and negatively controlled by ClpEP and ClpCP. ComW is produced in the early competence phase to stabilize and activate ComX. ClpEP and ClpCP are protease machineries that degrade ComX and ComW, respectively (32, 36, 42, 46) . In Streptococcus pyogenes, the mechanism of ComX stabilization/ degradation is still unknown, except for the implication of the ClpP protease (38) . For S. thermophilus, previous extensive in silico analyses did not allow the identification of a homolog of ComW, but during the course of that study, the ClpC ATPase subunit was shown to act as a negative regulator of competence development in this species (1) . For Bacillus subtilis, the posttranslational control of the master regulator of competence development, ComK, has also been highlighted (25-27, 30, 36, 37, 40, 43, 45, 47-49) . To prevent competence development under inappropriate conditions, ComK is sequestered by MecA, an adaptor protein which targets ComK to the ClpCP protease system (25, 40, 43, (47) (48) (49) . ComK is released from the inhibitory complex by the small antiadaptor peptide ComS, which interacts directly with MecA and is produced when the cell density increases, leading to the activation of ComK transcription and of the late com genes (11, 12, 37, 40, 43) . B. subtilis also contains a paralog of MecA, YpbH, which binds ClpC and affects both competence and sporulation by an unknown mechanism (39) .
In silico analyses revealed the existence of a unique MecA-like protein in S. thermophilus. The aim of this study was to investigate its role in the control of competence development. We showed using reporter strains and microarray analyses that MecA represses the expression of a large set of late com genes under nonpermissive competence conditions. Importantly, the expression of early com genes, including comX, was not affected. In addition, we found evidence that MecA, together with ClpC, but not ClpE, exerts posttranslational control on the abundance of ComX. We propose that MecA may act as an anti-sigma factor for targeting ComX to the ClpCP degradation machinery, similarly to the posttranslational control of ComK in B. subtilis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli was grown with shaking at 37°C in Luria-Bertani (LB) broth (44) . S. thermophilus strains were grown anaerobically (BBL GasPak systems; Becton Dickinson, Franklin Lakes, NJ) at 29°C, 37°C, or 42°C in M17 broth, Todd-Hewitt broth (THB) (Difco Laboratories Inc., Detroit, MI) or CDML (29) . These media were supplemented with either 1% (wt/vol) glucose (M17 broth with glucose [M17G] and THB with glucose [THBG]) or 1% (wt/vol) lactose (CDML). Solid-agar plates were prepared by adding 2% (wt/vol) agar to the medium. When necessary, antibiotics were added to the media at the following concentrations: ampicillin at 250 g ml Ϫ1 for E. coli, kanamycin at 50 g ml Ϫ1 for E. coli, erythromycin at 250 g ml Ϫ1 for E. coli and at 2.5 or 5 g ml Ϫ1 for S. thermophilus, and chloramphenicol at 5 g ml Ϫ1 and spectinomycin at 75 g ml Ϫ1 for S. thermophilus.
Detection of absorbance and luminescence. Growth (optical density at 600 nm [OD 600 ] and luciferase (Lux) activity (expressed in relative light units [RLU] ) were monitored at 10-min intervals with a Varioskan Flash multimode reader (ThermoFisher Scientific, Zellic, Belgium) as previously described (14) .
DNA techniques and electrotransformation. For general molecular biology techniques, we followed methods reported previously by Sambrook et al. (44) . The preparation of S. thermophilus chromosomal DNA and the electrotransformation of E. coli and S. thermophilus were performed as previously described (10, 13, 15) . The primers used in this study were purchased from Eurogentec (Seraing, Belgium) and are listed in Table S1 in the supplemental material. PCRs were performed with Phusion high-fidelity DNA polymerase (Finnzymes, Espoo, Finland) with a GeneAmp 2400 PCR system (Applied Biosystems, Foster City, CA).
Construction of the P comGA -luxAB reporter strains. Reporter strains CB007 and CB006 were constructed by replacing part of the blp locus of strains LMD-9 and LMG18311, respectively, with the transcriptional fusion P comGA -luxAB carried by plasmid pGICB007, as previously described (14) . Strains CB007 and CB006 were confirmed by PCR with primers located upstream and downstream of the recombination regions (primers are listed in Table S1 in the supplemental material). Plasmid pGICB007 is a derivative of pGICB001 (14) , where the comX expression signals (P comX ) were replaced with the comGA expression signals (P comGA ) amplified with primer pair DPGA1-DPGA2.
Construction of mecA deletion mutants. LMD-9 derivative strains CB0011, CB0071, and CB0051 and LMG18311 derivative strain CB0061 were constructed by replacing the sequence between the start and stop codons of mecA with the chloramphenicol resistance cassette lox66-P32cat-lox71 (mecA::lox66-P32-cat-lox71) according to procedures described previously by Fontaine et al. (16) . The primers used to construct these strains are listed in Table S1 in the supplemental material. Strains CB0012, CB0072, and CB0052 were constructed by excising the chloramphenicol marker from strains CB0011, CB0071, and CB0051, respectively, using the Cre-loxP system. This procedure was performed by using plasmid pGhostcre as described previously (16) .
Construction of comX deletion mutants. Strain CB0078 (⌬comX)
was obtained by the double homologous recombination of plasmid pGICB003 in strain CB007, as previously described (14) . Double mutant strain AW007 (mecA::lox72 comX::P32-cat) was obtained by the natural transformation of strain CB0072 (mecA::lox72) using plasmid pGIBD001 as the donor DNA. pGIBD001 is a derivative of pGICB002 (14) , in which the luxAB genes have been replaced by a chloramphenicol resistance cassette (P32-cat). To obtain plasmid pGIBD001, plasmid pGICB002 was reverse amplified by PCR with primers pJUDdelcomX1 and pJUDdel-comX2, which hybridize upstream and downstream of luxAB, respectively, and then ligated to the P32-cat cassette obtained as a PvuII restriction fragment from pUC18Cm (19) .
Construction of clpC and clpE deletion mutants. LMD-9 derivative strains AW001 (ClpC Ϫ ) and AW003 (ClpE Ϫ ), CB007 derivative reporter strains AW002 (ClpC Ϫ ) and AW004 (ClpE Ϫ ), and CB0072 derivative reporter strains AW005 (MecA Ϫ ClpC Ϫ ) and AW006 (MecA Ϫ ClpE Ϫ ) were constructed by replacing the coding sequence of clpC or clpE with a spectinomycin resistance cassette (spc). This was achieved by natural competence (16) using PCR fragments amplified from chromosomal DNA extracted from the corresponding mutant strains of S. thermophilus LMG 18311 (a generous gift from L. S. Håvarstein) (1) . The primers used are listed in Table S1 in the supplemental material.
Construction of comX::StrepTagII replacement strains. LMD-9 and CB0072 derivative strains CB0053 and CB0054 (MecA Ϫ ), respectively, were constructed by the chromosomal exchange of comX with a comX:: StrepTagII fusion (purification affinity tag StrepTagII [IBA, Germany] fused at the C terminus of ComX) carried by plasmid pGIBD002, as previously described (14) . Plasmid pGIBD002 is a derivative of pGICB002 (14) , where the luxAB genes have been replaced by comX::StrepTagII. Plasmid pGIBD002 was obtained as follows. Plasmid pGICB002 was reverse amplified with primers pJUDdelcomX1 and pJUDdelcomX2. The open reading frame (ORF) of comX was amplified by PCR from the LMD-9 chromosome with primers IntcomXSTREP1 and Intcom-XSTREP2 to generate the comX::StrepTagII fusion. Both PCR products were restricted by NcoI and HindIII, ligated, and then transformed into E. coli EC1000 cells.
Construction of the mecA complementation vector. mecA expression plasmid pGICB005 contains a transcriptional fusion between the promoter P blpU and mecA. This plasmid was constructed as follows. Plasmid pXL was reverse amplified with primers pXLdeltacomX1 and pXLdeltacomX2, which hybridize the upstream and downstream regions of comX, respectively. The promoterless mecA gene was amplified by PCR from the LMD-9 chromosome with primers SURTRADMECA1 and SURTRADMECA2. Both PCR products were restricted by ApaI and XmaI, ligated, and then transformed into E. coli EC1000. The control plasmid (pXL⌬1) used in complementation experiments is a pXL derivative containing a comX deletion. This plasmid was constructed by the reverse amplification of pXL with primers DelcomX1 and DelcomX2. The resulting PCR fragment was restricted by NcoI, ligated, and transformed into E. coli EC1000. The induction of the promoter P blpU was achieved by the addition of 250 ng ml Ϫ1 D9C-30 synthetic peptide to the cultures at the beginning of growth, as reported previously (15) .
Construction of the pMGXstrep expression vector. In plasmid pMGXstrep, the comX::StrepTagII fusion is cloned under the control of the constitutive P32 promoter. The ORF of comX::StrepTagII was amplified by PCR from the CB0053 chromosome with primers MX1 and MX2. The PCR product was restricted by SalI and SmaI and then cloned into pMG36eT (16) digested by the same restriction enzymes.
Detection of ComX-StrepTagII by Western analysis. Plasmid pMGXstrep was electroporated into wild-type (WT) strain LMD-9 and its derivative strains deficient in MecA, ClpC, and ClpE (CB0051, AW001, and AW003, respectively). Lactococcus lactis overproducing ComX-StrepTagII (A. Wahl, unpublished data) and WT LMD-9 carrying plasmid pMGX (producing ComX without StrepTagII) (16) were used as positive and negative controls, respectively. These strains were grown overnight in THBG containing 5 g ml Ϫ1 erythromycin at 37°C. The OD 600 was then adjusted to 0.05 in THBG, and cells were grown until they reached an OD 600 of 0.4 at 37°C or 42°C. Cells from 50-ml cultures were resuspended in 1 ml lysis buffer (100 mM Tris [pH 8.0], 150 NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF]) containing 1/5 (vol/vol) glass beads (G8893, Յ106 m; Sigma). Bacterial cells were then lysed by using a Precellys24 homogenizer (three times for 30 s at 5,000 rpm). Eighty microliters of total cell extract was mixed with 20 l of 5ϫ Laemmli buffer and heated at 98°C for 10 min. Samples (25 g of total protein) were loaded onto gradient 4 to 20% SDS-PAGE precast gels (Thermo-Scientific), separated by electrophoresis, and transferred onto a nitrocellulose membrane. ComX-StrepTagII was detected by using a mouse monoclonal antibody against StrepTagII (StrepMAB-Classic) as the primary antibody and a horseradish peroxidase-conjugated rabbit antimouse polyclonal antibody (pAb) as a secondary antibody, according to the manufacturer's instructions (IBA, Germany). B2H plasmid construction and bacterial two-hybrid assay. Methods used for bacterial two-hybrid (B2H) plasmid construction and the bacterial two-hybrid assay were described previously by Karimova et al. (22) (23) (24) . The coding sequences of comX (ster_0189), mecA (ster_0216), clpC (ster_0109), and clpE (ster_0648) were amplified by PCR from S. thermophilus LMD-9 genomic DNA by using primers reported in Table S1 in the supplemental material and inserted into plasmids pUT18, pUT18C, pKT25, and pKNT25. The full list of constructed plasmids for B2H assays is shown in Table S1 in the supplemental material. To perform a twohybrid assay, a combination of two recombinant plasmids was electrotransformed into E. coli BTH101 (cya-99). Six clones from each combination were tested on indicator MacConkey (Difco) agar plates containing kanamycin and ampicillin and supplemented with 1% (wt/vol) maltose and 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Plates were incubated at 30°C for 36 h.
RNA extraction. For transcriptome comparisons between the LMD-9 ⌬mecA:: lox72 mutant (CB052) and WT LMD-9, strains were grown during 16 h at 37°C in THBG. For the comparison between WT LMD-9 and the LMD-9 ⌬comX mutant (CB003), strains were grown at 37°C during 16 h in M17G, washed twice (5,000 ϫ g for 9 min at room temperature) in 1 volume of CDML, and resuspended in 1 volume of CDML. Cultures were then diluted 30-fold in their respective media (either THBG or CDML). When cells reached the mid-log phase (OD 600 of 0.4), 25-ml aliquots were collected. Cells were harvested by centrifugation (7,000 ϫ g for 4 min) and mechanically broken with 0.18-mm-diameter glass beads in a Braun homogenizer (three 1-min periods of homogenization with 1-min intervals on ice). Total RNA was extracted by using the High Pure RNA isolation kit (Roche, Basel, Switzerland).
Microarray experiments and data analysis. The slide for S. thermophilus LMD-9 was a custom-designed Agilent Technologies oligonucleotide microarray containing eight 15K arrays (Gene Expression Omnibus [GEO] accession number GPL13365), and each coding sequence was represented by one to five 60-mer probes. Microarray experiments were performed as previously described (14) . Gene expression analysis was carried out by using GeneSpring GX v11.0 software (Agilent Technologies). Data were filtered for outliers, negative and positive controls, and flagged signals as previously described (14) . Probes from triplicates were filtered by a t test for significance at a threshold of a P value of Ͻ0.05. Significantly regulated probes were then defined based on a fold change (FC) higher than 1.5. Significantly regulated genes were defined as genes for which at least 50% of the probes were significantly regulated and with a mean absolute FC of total probes of at least 1.5. Significantly induced probes adjacent to an induced coding DNA sequence (CDS) were also retained if the FC of the total probes of the adjacent CDS was at least of 1.5.
Microarray data accession numbers. The normalized transcriptome data have been deposited in the GEO database under accession numbers GSE28371 and GSE28372.
RESULTS
The genome of S. thermophilus contains a unique homolog of MecA from B. subtilis. Five S. thermophilus genomes (strains LMD-9, LMG18311, CNRZ1066, ND03, and JIM8232) have been sequenced so far. In silico analyses of the 5 genomes identified a unique gene encoding a putative homolog of MecA from B. subtilis (MecA Bs ) in each of them. The MecA-like protein of S. thermophilus (MecA St [Ster_0216]; 249 amino acids [aa]) is more closely related to MecA Bs (60.6% and 26.0% similarity and identity, respectively) than YpbH (53.5% and 20.4%) of B. subtilis (see Fig. S1 and S2 in the supplemental material). Among streptococci, MecA-like proteins were identified in all streptococcal groups, where the closest orthologs of MecA St were found in the genomes of Streptococcus vestibularis (94.8% identity), S. salivarius (94.0%), and S. gallolyticus (60.7%) (see Fig. S1 in the supplemental material). These in silico data are consistent with work reported previously by Persuh et al. (40) , which showed that MecA was widespread among Gram-positive bacteria. Both MecA and YpbH are organized into two domains but display different lengths of the interdomain linker region (39, 40) . In the ClpC-MecA-ComK complex, the N-terminal domain (NTD) was shown to interact with ComK, while the C-terminal domain (CTD) is the site of recognition of the ClpC ATPase subunit of the Clp machinery (35, 40, 43, 50) . An alignment between a set of streptococcal MecA proteins including MecA St , MecA Bs , and YpbH revealed a high level of conservation in both the NTD and CTD, with the NTD being the most conserved, while the interdomain linker region exhibited a very low level of conservation and is longer in streptococcal proteins (see Fig. S2 in the supplemental material). Since MecA St shows a significant level of identity with MecA Bs and the same organization in two domains, we hypothesized that it could play a role in S. thermophilus similar to that found for B. subtilis, i.e., a repressor of competence development.
MecA is a repressor of the late comGA operon under conditions that are not permissive for competence development. In the first set of experiments, the functional role of MecA from S. thermophilus was evaluated by growing cells in THBG medium. These growth conditions were shown previously to be nonpermissive for spontaneous competence development, since the level of comX expression is very low (1, 2, 16) .
To assess the role of MecA in the regulation of early and late competence genes, the mecA open reading frame was replaced by a chloramphenicol resistance cassette (lox66-P32-cat-lox71) in LMD-9 reporter strains harboring either P comX -luxAB or a P comGA -luxAB inserted into the blp locus (strains CB0011 and CB0071, respectively). To avoid polar effects on adjacent genes, the chloramphenicol resistance marker was removed by using the Cre-loxP system as previously reported (16) (yielding strains CB0012 and CB0072, respectively). The promoter of the comX gene was chosen since it integrates all the signals originating from the early stage of competence, while the promoter of comGA controls one of the most important late com operons, which codes for a part of the DNA uptake machinery (7) . All the constructed reporter strains were then grown in THBG medium in order to monitor the luciferase (Lux) activity. The specific Lux activities (RLU/OD 600 ) of the control reporter strains (CB001 and CB007) were compared to those of their isogenic mecA::lox66-P32-cat-lox71 (CB0011 and CB0071) and mecA::lox72 (CB0012 and CB0072) mutant strains ( Fig. 1 and Table 2 ). The inactivation of MecA had no impact on the expression of the P comX -luxAB fusion (Fig. 1A) . In contrast, the maximum Lux activities of the two MecA-deficient strains (CB0071 and CB0072) harboring the P comGA -luxAB fusion were similarly increased more than 100-fold compared to that of the control strain (CB007) (Fig. 1B) . To enlarge our investigation of the functional role of MecA, the corresponding gene was deleted in LMG18311 derivative strains harboring a P comGA -luxAB fusion (CB006 and CB0061). Similarly to LMD-9, specific P comGA activity was highly induced (200-fold) in the MecA-deficient strain (CB0061) ( Table 2 ). To further support that the observed phenotype results from the mecA deletion solely, a mecA complementation plasmid (the pXL derivative pGICB005) was constructed and electrotransformed into MecA-deficient reporter strain CB0071.
Plasmid pGICB005 fully restored P comGA activity to a level similar to that of WT reporter strain CB007 ( Table 2 ). In contrast, the control strain harboring the empty vector [CB0071(pXL⌬1)] showed a maximum Lux activity similar to that of the parental MecA-deficient strain (CB0071) ( Table 2) .
We next studied whether the repression activity exerted by MecA on P comGA expression was dependent on the presence of a functional ComX protein. To this end, we compared the P comGA -luxAB activities of a comX mutant strain (CB0078) to those of a comX mecA double mutant strain (AW007). The deletion of comX solely or in combination with mecA similarly decreased the level of activity of P comGA compared to that of the WT reporter strain (Table 2) .
Altogether, these results show that MecA is a negative regulator of a major late com operon in S. thermophilus. Notably, MecA exerts its control without affecting the transcriptional activity of comX. Moreover, the role of MecA as a repressor of late competence gene expression absolutely requires the presence of an intact ComX protein, strongly suggesting that MecA acts on the ComX protein to achieve its regulatory function.
MecA is not a repressor of the comGA operon under permissive competence conditions. In a second set of experiments, the functional role of MecA from LMD-9 and LMG18311 strains was evaluated by growing cells in CDML medium. These growth conditions were shown previously to be permissive for spontaneous competence development at high and low levels for LMD-9 and LMG18311, respectively (16) .
LMD-9 and LMG18311 P comGA -luxAB reporter strains were grown in CDML, and P comGA activity was measured ( Table 2) . For LMD-9, the maximum Lux activities were similar between the two MecA-deficient strains (CB0071 and CB0072) and the control (CB007). In contrast, the MecA-deficient strain of LMG18311 (CB0061) displayed a 27-fold-higher level of Lux activity ( Table 2) .
These data strongly suggest that when the level of competence induction reached a certain threshold, such as that which was observed for strain LMD-9 under CDML conditions, the depletion of MecA has no impact. In contrast, MecA could still act as a repressor in LMG18311, which is poorly competent under these conditions. These results suggest that when the transcription of comX is strongly activated by the ComRS system, the latter represents the dominant mechanism for the control of competence development.
The inactivation of MecA partially activates the late com regulon. To further investigate the functional role of MecA, we decided to evaluate the overlap between the late com regulon controlled by ComX and the MecA regulon in S. thermophilus LMD-9 using microarrays.
In order to determine the late com regulon, we compared the transcriptomes of WT LMD-9 and its isogenic comX mutant strain (ComX Ϫ ) (CB003) under natural comX-inducing conditions (CDML). Microarray experiments were performed as described in Materials and Methods. RNAs were extracted when cultures reached the mid-log phase, when the maximum P comGA activity of reporter strain CB007 was measured (data not shown). We identified 135 genes that were upregulated (FC Ն 1.5; P Ͻ 0.05) in the wild type compared to the ComX-deficient strain (see Table S2 in the supplemental material). From this gene list, 93 genes were distributed into 13 clusters that include at least one predicted ComX box (therefore defined here as the ComX-regulated loci). All late com genes that were identified previously as being essential for competence development in S. pneumoniae (41) were harbored in the ComX-regulated loci, except pilD, giving confidence in the extent of the regulon that was established ( Fig. 2 , and see Table S3 in the supplemental material).
In order to identify the set of MecA-regulated genes, the transcriptomes of the LMD-9 mecA::lox72 mutant (CB0052) and WT LMD-9 were compared under THBG growth conditions (mid-log phase). As expected, mecA was included in the list of downregulated genes (FC ϭ 67.7) (see Table S4 in the supplemental material). We also noticed that comX expression was not altered, confirming the results obtained with P comX -luxAB reporter strain CB001. Moreover, none of the early com genes previously identified were up-or downregulated (14) ( Table 3 , and see Table S4 in the supplemental material). The set of upregulated genes with an Table 3 and Fig. 2 , and see Table S2 in the supplemental material). Among ComX-regulated loci, the gene cluster (ster_1834 to ster_1842) that includes comGA (FC ϭ 46.7) is the cluster most strongly induced by the inactivation of MecA. All late com genes that were identified as being essential for competence development in S. pneumoniae, except pilD and recA, are members of the MecA regu- 
FIG 2
Organization of the ComX-regulated loci in S. thermophilus LMD9. The selected set of upregulated genes (red and red-hatched pentagons) is based on the microarray experiment performed on WT LMD-9 versus the LMD-9 comX mutant (loci I to XIII) (see Table S2 in the supplemental material). These genes are organized into 13 loci on the basis of the presence of predicted ComX boxes (arrows with white rectangles) (see Table S3 in the supplemental material). Shared upregulated genes resulting from mecA inactivation and obtained from the microarray experiment with CB0052 (mecA::lox72) versus WT LMD-9 (Table 3 ) are shown as red-hatched pentagons. Pentagons surrounded by a dotted line and a black line correspond to late and essential late com genes in S. pneumoniae TIGR4, respectively (41) . The ORF orientation in each locus is indicated by the direction of the pentagons. The number below each pentagon corresponds to the STER locus tag of LMD-9. ⌿, pseudogene. lon. In addition, 22 upregulated genes are unique to MecA inactivation.
Taken together, these microarray results show that the absence of MecA activates to some extent the late com regulon without affecting the early stage of competence.
ClpC and MecA display similar repressing effects on the expression of the late comGA operon. For S. thermophilus LMG18311, both ClpC and ClpE were recently shown to repress the activity of a late com promoter (1). Furthermore, the depletion of ClpC in this strain had no impact on the activity of P comX , but the abundance of ComX was shown previously to be increased in the clpC mutant (1). In order to compare the effects of the deprivation of MecA, ClpC, and ClpE on the activity of P comGA in LMD-9, a range of reporter strains (CB007 derivatives) were constructed, and their Lux activities were compared under conditions not permissive for competence (THBG). Both MecA-and ClpCdeficient strains (strains CB0072 and AW002, respectively) showed similar maximum specific Lux activities and similar kinetics of activation of the P comGA -luxAB fusion ( Fig. 3A and Table 2 ). In contrast, the inactivation of ClpE in strain LMD-9 (AW004) had nearly no impact on the expression of the P comGA -luxAB fusion ( Fig. 3A and Table 2 ). In order to evaluate the synergetic or cumulative effects of the inactivation of MecA and Clp, double MecA-ClpC-and MecA-ClpE-deficient reporter strains were constructed (AW005 and AW006, respectively). Notably, both double mutants showed behaviors similar to those of the single clpC and mecA mutants ( Fig. 3B and Table 2 ).
These genetic results strongly suggest that MecA and ClpC, but not ClpE, are involved in the same regulatory circuit for the transcriptional control of the comGA operon in strain LMD-9.
MecA and ClpC negatively affect ComX accumulation in vivo. Analogously to the role played by MecA and ClpC in B. subtilis, the results collected so far were in favor of a direct control of the abundance of ComX by the MecA and ClpC proteins. In the first approach to support this hypothesis, we tagged the chromosomal copy of ComX with StrepTagII fused at its C terminus in order to monitor its abundance using anti-StrepTagII antibodies in Western blotting experiments. Although ComX-StrepTagII was not altered in its ability to develop competence, we were unable to detect the fusion protein in the wild type and its isogenic MecA-deficient strain (CB0053 and CB0054) under conditions not permissive for competence (THBG) (data not shown). This suggests that the abundance of ComX under these conditions remains very low, even when MecA is inactivated. To circumvent this problem, the comX::StrepTagII fusion was constitutively expressed under the control of the P32 promoter on a multicopy plasmid (pMGXstrep). pMGXstrep was then transferred to P comGA reporter strain CB007 and its derivatives deficient for MecA (CB0072), ClpC (AW002), and ClpE (AW004). At 37°C, the maximum specific Lux activities were similar between the WT and mutant strains (data not shown). Similarly to the situation with LMD-9 growing in CDML, it is probable that the level of ComX-StrepTagII production is too high under these conditions to observe the negative effect of MecA and ClpC on P comGA expression. As expected, Western blotting experiments showed that the abundance of ComX-StrepTagII remained unchanged between all these strains (data not shown). For Gram-positive bacteria, the level of the ClpCP machinery was shown previously to be increased in response to high temperatures (6, 9) . Therefore, the same experiments were reproduced at 42°C instead of at 37°C. In this experimental setup, the levels of specific Lux activities of the MecA-and ClpC-deficient strains were ϳ4-fold increased compared to those of their isogenic parental strain (CB007), while the inactivation of ClpE had no effect (Fig. 4A) . Consistently, Western blotting experiments showed that the abundance of the ComX-StrepTagII protein was similarly increased when MecA or ClpC was inactivated, compared to the wild-type and ClpE-defective strains (Fig. 4B) .
These data show that MecA and ClpC, but not ClpE, negatively affect the abundance of ComX in vivo in S. thermophilus LMD-9, confirming the above-described expression results obtained with the reporter strains.
MecA interacts with both ComX and ClpC in bacterial twohybrid assays. To obtain the first evidence of direct physical interactions between the MecA, ComX, and Clp machineries, a range of bacterial two-hybrid (B2H) system experiments was set up. In the B2H system, the T25 and T18 fragments of the Bordetella pertussis adenylate cyclase are used as fusion partners. When the fusion proteins interact with each other, a functional complementation between the T25 and T18 fragments takes place, resulting in adenylate cyclase activity and cyclic AMP (cAMP) production, which turns on the transcription of the lac operon (23) . Plasmids allowing the production of all possible combinations of N and C fusion proteins between T18 and T25 and full-length MecA and ComX were constructed. The production of adenylate cyclase from transformants of the cya mutant of E. coli (BTH101) was detected on MacConkey agar plates. As shown in Fig. 5 , strain BTH101, producing the following pairs of fusion proteins, formed red colonies on MacConkey indicator plates: T18-MecA and T25-ComX, T18-MecA and ComX-T25, MecA-T18 and T25-ComX, and MecA-T18 and ComX-T25 (Fig. 5A, red rectangle) . In con-trast, the negative-control strains (T18 and T25, T18-MecA and T25, MecA-T18 and T25, T18 and T25-ComX, and T18 and ComX-T25) remained white on the indicator plates ( Fig. 5A , black rectangles). The T18 fusions with ComX carried by highcopy-number plasmid pUT18 were excluded due either to their activation in the negative-control strains, possibly by aggregation with the partnerless T25, or to not-reproducible results (data not shown). Concerning MecA self-interactions, positive signals were observed for the following two pairs of fusions proteins: MecA-T18 and T25-MecA, and T18-MecA and MecA-T25 ( Fig. 5B and C, dark blue squares). Therefore, only two out of four possible combinations of MecA fusion partners gave positive signals. This finding may be explained by the fact that both the NTD and CTD of MecA are involved in the oligomerization process in B. subtilis, and therefore, fusion partners could affect the self-interaction (40) . Next, all combinations of fusions proteins between MecA and ClpC or MecA and ClpE were tested in the B2H system as described above ( Fig. 5B and C) . All MecA and ClpC fusion proteins gave positive interaction signals with each other (Fig. 5B , green squares), while all MecA and ClpE fusions proteins were negative with each other (Fig. 5C, dotted black squares) . Both ClpC and ClpE showed strong self-interactions, as expected, and all the control strains remained negative (Fig. 5B , light blue square, and C, magenta square, respectively).
Altogether, these B2H results were the first indication that MecA could interact in vivo with ComX and ClpC to form a ternary complex (Fig. 5D ).
DISCUSSION
Although previous studies unraveled the regulatory cascade leading to the transcriptional activation of comX, encoding the master regulator of competence development in S. thermophilus, the posttranslational control of ComX activity in this species remained nearly unexplored. In this work, we show by a genetic approach that the adaptor protein MecA acts as a negative regulator of competence development by a mechanism that requires the presence of ComX. Using luciferase reporter strains and transcriptome comparisons, we demonstrate that the inactivation of MecA has no effect on the expression of early com genes such as comX but largely affects the expression of late com genes. However, the inactivation of mecA is insufficient to activate natural transformation under these conditions (data not shown), while the overexpression of comX led to a low but detectable transformation rate (16) . Similarly, no improvement in the transformation rate of a ClpC-deficient strain of LMG18311 grown under nonpermissive THBG conditions was reported (1) . Various hypotheses could explain this apparent discrepancy, such as the absence of an induction of one or more key late com genes that could be required for natural transformation or an indirect effect of the inactivation of MecA that could negatively alter the cell status for natural transformation.
Similarly to the role played by MecA in B. subtilis, our results strongly suggest that MecA of S. thermophilus interacts with ComX to target ComX to the ClpCP machinery for its degradation. This hypothesis is supported by the following results: (i) MecA, ClpC, and combined MecA-ClpC deprivations release the transcriptional control of the late comGA operon with a similar response and without cumulative effects; (ii) the inactivation of MecA or ClpC showed a similar in vivo accumulation of the ComX protein; and (iii) B2H experiments showed that MecA interacts separately with ComX and ClpC, suggesting the formation of a ternary complex, ClpC-MecA-X , analogous to the ClpC-MecA-ComK complex of B. subtilis.
In a recent study, Biornstad and Havarstein reported that both ClpC and ClpE act as negative regulators of the activity of a late com promoter in S. thermophilus LMG18311 (1). The implication of ClpC in the posttranslational control of ComX was clearly demonstrated, while the role of ClpE in competence development was not further investigated (1) . Concerning the role of ClpE, our results based on reporter strains, Western blotting experiments, and B2H assays show that ClpE does not play a significant role in the control of competence development in strain LMD-9 of S. thermophilus. In S. pneumoniae, the posttranslational control of ComX involves mainly ComW and the ClpEP degradation machinery. The role of ComW as a possible adaptor protein for ComX stabilization or as an antiadaptor protein has yet to be clarified (42) . Concerning ClpC, it seems to play an indirect role in the stabilization of ComX by degrading ComW (42) . Interestingly, a MecA homolog is present in S. pneumoniae, but its implication in the posttranslational control of ComX has never been reported. Altogether, these results support the hypothesis that ClpC and ClpE independently interact with different actors to control the abundance of ComX in streptococci.
Remarkably, a similar mechanism for the posttranslational control of the master regulator of competence development involving both MecA and ClpC seems to be conserved between relatively distant species, such as B. subtilis and S. thermophilus. This reinforces the importance of a strict control of competence development that has been positively selected through evolution. In the case of S. thermophilus, the MecA adaptor protein seems to act as an anti-sigma factor to control competence development. The implication of an adaptor protein targeting a sigma factor to the Clp machinery was reported previously in the case of the RssB adaptor protein, which specifically interacts with S for its targeting to the ClpXP machinery, thereby controlling the master regulator of the stationary phase and the general stress response in E. coli (4, 5) . Other adaptor proteins were also shown previously to play the role of anti-sigma factors, such as RsiW in the control of W during alkaline stress or SpoIIAA/SpoIIAB in the control of H during the sporulation of B. subtilis (17) .
Based on the results presented in this study and current knowledge of the functional role of MecA in B. subtilis (48) , we propose the following model for the posttranslational control of ComX in S. thermophilus (Fig. 6 ). Under inappropriate growth conditions, ComX is produced at a low level but sequestered by the anti-sigma factor MecA in a ternary complex with the ATPase subunit ClpC, which itself binds to the serine protease subunit ClpP, resulting in ComX degradation. In contrast, the negative control exerted by MecA would be bypassed when conditions are suitable for competence development, possibly via MecA saturation, due to a high level of accumulation of ComX. Consequently, ComX ( X ) would be free to associate with the core RNA polymerase and specifically recognize the Com box in front of the late com genes to activate their transcription. In order to strengthen this model, future work will be dedicated to confirming the interactions between the different partners of the ternary complex and to investigating ComX degradation by ClpCP using in vitro studies.
